The real (ε ) and imaginary (ε ) components of the complex permittivity of anhydrous lactose and microcrystalline cellulose (MCC) under different bulk densities, moisture contents (MCs), and times of hydration (for anhydrous lactose) were measured nondestructively using a microwave resonator sensor operating in the range of 700-800 MHz. Measurements of sensor resonant frequency and conductance allow, through calibration, determination of the complex dielectric properties ε (relative permittivity) and ε (relative dielectric loss) of the test material. Characteristic graphs of ε versus ε − 1 curve for each powder were generated as a function of bulk density and MC. Such data can be used to develop empirical models for the simultaneous in situ measurement of the bulk density and MC of the powders. Unlike MCC, anhydrous lactose is converted to its hydrate form in the presence of moisture, which causes a reduction in the amount of physisorbed and "free" water and a subsequent change in the dielectric properties. For powders such as anhydrous lactose that can form a crystal hydrate in the presence of moisture, a combination of techniques such as vibrational spectroscopy together with microwave resonator measurements are appropriate to characterize, in situ, the physical and chemical properties of the powder.
INTRODUCTION
Lactose and microcrystalline cellulose (MCC) are among the most commonly used excipients in the pharmaceutical industry. MCC is a partially crystalline, highly compressible material, which can produce hard tablets. Although MCC is insoluble in water, it is hygroscopic as a result of the presence of disordered regions that can absorb moisture. 1 Lactose, which is cheaper, has higher compatibility and is easily dissolved in water. 2 There are several crys-talline forms and it can also be made amorphous and partially amorphous through spray drying. The most common crystalline forms are $-lactose anhydrous (termed anhydrous lactose herein) and "-lactose monohydrate. 3 There is a need to accurately measure the bulk density and moisture content (MC) of these two powders in order to assure tablet quality; hence, this paper focuses on the use of a microwave resonator sensor to characterize their intrinsic complex dielectric properties under different moisture and density conditions.
In the pharmaceutical industry, bulk density and MC are two of the most important information indicators for powder flowability and compressibility. The gravimetric method and loss on drying (LOD) method are the simplest ways to determine the bulk density and MC of a powder, respectively; however, these two techniques are intrusive, involve subsampling, and are not practical for real-time measurements. Use of electrical properties to indirectly estimate the physical properties of the material has therefore gained much popularity. Among the techniques that are used to measure the electrical properties, microwave-based sensors provide a nondestructive and real-time technique for the characterization of materials. They have been used to determine the MC of materials in many industries due to their capability to show very strong contrast between water and low dielectric host materials such as anhydrous lactose and MCC. [4] [5] [6] [7] [8] [9] There are several types of sensors used in microwave technology. 5, 7 Trabelsi et al. 8 used a freespace transmission technique to measure the permittivity of wheat. They observed linear relations between the normalized dielectric properties in plots of ε versus ε (also known as Argand diagrams) at different frequencies and different temperatures. King [9] [10] [11] also has applied both open-reflection resonator and transmission microwave sensor systems for online measurements of moisture and density in industrial applications.
Dielectric properties are intrinsic properties of a material that are represented by the complex permittivity:g
where j = √ −1, g 0 is vacuum permittivity 8.854 × 10 −12 F/m, g 0 g (dielectric constant) relates to the ability of the material to store the electric energy, and g 0 g (loss factor) relates to the dissipation of the energy when the material is exposed to an external electric field. Both the dielectric constant and the loss factor are functions of the frequency of the external field, bulk density, MC, and temperature of the powder. 4, [8] [9] [10] [11] [12] [13] Note, as is customary, data will be presented in terms of relative dielectric values g and g .
In this paper, data from measurements of the dielectric properties of two powders (MCC and anhydrous lactose) at room temperature with different bulk densities and MCs are presented in graphs of ε versus ε − 1. The sensor used to acquire the data was a highly sensitive open-reflection microwave resonator.
Water can form different types of interaction with the powder depending on the chemical and physical properties of the latter, thus affecting the bulk dielectric properties.
14 Water added to MCC powder either remains as free water or becomes physisorbed through interaction with the surface (either external surface or pores) and disordered regions. In our research, the bulk water that was initially added into the powder was called free water. Because free water has a high dielectric constant, g approximately 80 at 75
• F 13 in the frequency range of 700-800 MHz, a small amount when added to MCC can have a dramatic effect on the dielectric properties. With time, some of these water molecules will "physisorb" onto the powder surface and will be absorbed into the bulk structure, retaining a high mobility and therefore responding to the electromagnetic waves. In contrast, water added to anhydrous lactose results in hydration and conversion of anhydrous lactose to lactose monohydrate; the added water of hydration becomes molecularly bound through incorporation into the crystal lattice and herein will be referred to as crystallographic water.
THEORY
The microwave sensor being used in this research was an open-reflection resonator sensor, a commercial product designed and manufactured by KDC Technology Corporation. Resonant sensors are more accurate in the dielectric properties measurement in comparison with a nonresonant sensors. 15 The sensor was calibrated at the factory using dielectric standards to allow determination of ε and ε from measurements of sensor resonant frequency and conductance.The resonant frequency and conductance of the sensor was determined by measuring the sensor reflection coefficient over a range of frequencies. The dielectric calibration equations unique to this sensor and provided by KDC are:
where f r,0 and g air are the measured sensor resonant frequency and conductance in air, respectively, and f r and g are the resonant frequency and conductance of the sensor, respectively, when interfaced to the test material. Reference 11 provides insight into the derivation of equations similar to the one given above. Sensor "zeroing" is accomplished by making a reference measurement in air. During an experiment, changes in the resonant frequency and conductivity of the sensor with the introduction of the sample were determined from measurements of the sensor reflection coefficient using a network analyzer, from which ε and ε were determined using Eqns. (2) and (3) . Graphs of the ε versus ε − 1 curve were generated from measurements on the product at constant MC but with varying bulk densities. Example of resonance curves of reflection coefficient Γ (dB) versus frequency (MHz) are shown in Figure 1 for the sensor in air and in contact with MCC product. The resonant frequency occurs when the magnitude is a minimum, denoted Γ res in Figure  1 . The measured conductance is related to amplitude Γ res by:
where Γ res = 10 −(| dB|/20) and 0 < Γ res < 1 (Ref. 11 ).
MATERIALS AND EXPERIMENTAL SETUP
The resonant frequency and conductance of a microwave resonant sensor, when loaded with MCC (Avicel PH105, FMC Biopolymer, Philadelphia, PA., USA) or anhydrous lactose (DT51808TT, Sheffield Pharma, Norwich, NY., USA) were measured under different bulk densities and MCs using a network analyzer (Agilent/HP 8752C, 300KHz-1.3GHz, Agilent Technologies, Inc., Santa Clara, CA., USA). A resonator sensor (SN0909-7, KDC Technology Corporation, Livermore, California) connected to the analyzer was placed under the powder to measure the powder's dielectric properties. Figure 2 shows the experimental setup for the dielectric properties measurement. The microwave resonator sensor must be in intimate contact with the material being tested. Here the sensor was mounted in a 1 square foot stainless steel plate, and the material was poured into a cylindrical acrylic sample holder(McMaster-Carr, Santa Fe Spring, CA., USA) that spanned the sensor sensing area. This setup ensured intimate contact between the sensor face and the material (i.e., precluded air gaps between the powder and the sensor face). This arrangement also avoided bulk density variations that could occur if the sensor was mounted on top of the powder. The powder was passed through a sieve (mesh size ∼1mm) before the dielectric properties measurements to control the size distrubution of the particles in the powder. This step was important especially when the powder was wetted because smaller particles tended to agglomerate into larger granules in the presence of water. Powders not being measured stayed sealed in a zip-locked plastic bag. The bulk density of the powder was changed by tapping the sample holder. An acrylic lid was placed on top of the powder to create a flatter surface for more accurate calculation of the powder volume. After the resonant frequencies and conductance under different bulk densities were measured, all of the powder inside the sample holder were collected to measure the total mass.
The bulk density of a powder sample is defined as follows:
where r is the bulk density of the powder, m w is the mass of the water, m p is the mass of the powder, and V total is the entire volume of the powder sample. Bulk densities were calculated at the end of the dielectric properties measurement after the total mass (m w + m p ) was weighed. The range of the bulk densities and the total mass weighed for each powder during each measurement will be shown together with the results in the later section.
To study the MC effect on the dielectric properties, samples with different MCs were prepared by exposing the powder to steam.
A balance was used to monitor the approximate total weight change when moisture was absorbed into the powder. The wetted powder was then stirred and mixed well and finally sealed in three zip-locked bags. Each bag was opened at the time of the dielectric properties measurements of the powder. The real MC for each wetted powder was measured using the LOD method and is defined as follows:
Note that this MC represents the "total moisture (free or physisorbed water + crystallographic water)" existing in the powder. Every time the powder was poured onto the sensor surface for the dielectric properties measurements, a small sample of the powder was taken and heated to 100 ± 10
• C and held in this temperature range for 1 day for the MC measurement. This LOD method was validated by measuring the MC of anhydrous lactose and "-lactose monohydrate powders as received from the vendor. Using the LOD method where the powder is held in the temperature range of 100 ± 10
• C for 1 day, the MC of "-lactose monohydrate, as purchased from the vendor, was 5.25 ± 0.1%, which agrees with the theoretical MC (5% of crystallographic water) of "-lactose monohydrate. The measured MC for the anhydrous lactose was 0.65 ± 0.03%, whereas the vendor reported a MC of 0.5% for this powder. Thus, this LOD method was used to measure the MC of the powders in this study. The bulk densities and MC of the powders measured using the gravimetric method and LOD method, respectively, were then related to the dielectric properties ε and ε through Argand diagrams.
Triplicate dielectric property measurements of each of three samples were made for powders with the same MC to calculate a standard deviation of the dielectric property values. The powder was compressed from the pour bulk density to increase its bulk density. Previously compressed powder was not recycled in the measurement of the dielectric properties to minimize variability in the data due to bulk density variability in such powders. The dielectric properties measurements were taken at constant MC because performing the measurements at constant bulk density was difficult to achieve.
In addition to dielectric measurements, Raman spectroscopy was utilized to detect formation of "-lactose monohydrate in the initially anhydrous lactose samples. Raman spectroscopy is sensitive in detecting changes in crystal form. 16 Raman spectra were obtained using a RamanRxn1-785 Raman spectrometer (Kaiser Optical Systems Inc., Ann Arbor, Michigan) with a 785-nm excitation laser. The system is equipped with fiber optics attached to a noncontact MR(multiple reactor) sampling probe with a spot size of 150 :m. The total exposure time during acquisition for each sample was 100 s using 200 mW laser power. A calibration plot was generated by obtaining sample spectra for binary mixtures of anhydrous/"-lactose monohydrate at five different molar ratios prepared by trituration. Samples were analyzed in triplicate.
EXPERIMENTAL RESULTS
The Relationship Between ε and ε − 1 for Anhydrous Lactose and MCC A linear relationship was found between ε and ε − 1 for anhydrous lactose and dried MCC as shown in Figures 3 and 4 as a function of bulk density. As expected, the graphs show that the dielectric values increase with increasing density. The anhydrous lactose removed from the drum contains an approximate MC of 0.65%, whereas MCC was heated to achieve an approximate MC of 0.40%..
Meyer and Schilz 17 also concluded that the ratio of ε and ε − 1 should be a function of MC only if both ε and ε − 1 are similar functions of the bulk densities. By inspecting our data, we found that ε and ε − 1 increase with bulk densities in a similar way, and a linear relation between ε and ε − 1 for a constant MC indeed exists within the range of bulk densities • F); bulk densities range from 0.34 to 0.56 g/cm 3 , total sample mass for these triplicates are 288, 249, and 286 g. encompassed by our samples. Furthermore, the slope of this linear curve is a function of the MC, as will be demonstrated below
Dielectric Properties of Wetted Anhydrous Lactose: Conversion of Anhydrous Lactose to α-Lactose Monohydrate
Anhydrous lactose is converted into a hydrate form in the presence of moisture. 18, 19 The conversion affects the dielectric properties measurement as is shown in this section, and therefore, monitoring ε and ε as a function of time is a potential method for quantifying the conversion rate of anhydrous lactose to "-lactose monohydrate. In the experiment, anhydrous lactose was wetted and the temporal variation in the dielectric properties of the wetted powder was measured. The wetted powder was divided into three bags. The dielectric properties of the powder in the first, second, and third bags were measured after 69, 110, and 184 h, respectively. The uniformity of the MC inside the wetted powder was determined by taking samples from nine different locations inside the bulk sample and subsequently heating the samples at 100 ± 10
• C for 1 day. The definitions of the sample identifications are shown in Figure 5 and the MC results are given in Table 1 . Note that all the MC values represent the water that was added plus the amount of water (0.65%) that was already in the purchased powders.
The MC of the powder (Table 1) ranged from 2.39% to 2.56% with an average of 2.5% and standard deviation of 0.058%. The relations between ε and ε − 1 for powder samples taken at 69, 110, and 184 h are shown in Figure 6 . The sampling time (or conversion time in the case of anhydrous lactose powder) is the period from the addition of moisture to the powder to the measurement of the dielectric properties of the powder. For this MC, the values of ε and ε decreased with an increase in the conversion time. Table 1 represents (number of equilibrium hours)-(replicate sample number). Each heating duration was at least 5 h and the temperature was about 90
• C-110
• C. Figure 6 . The relationship between ε and ε -1 for lactose under MC = 2.50%, measured different days after being added moisture with density varying (f r = 700-740 MHz, nominally, 75
• F); bulk densities range: at 69 h, 0.50-0.75 g/cm 3 ; at 110 h: 0.50-0.76 g/cm 3 ; at 184 h:0.51-0.75 g/ cm 3 .
As the anhydrous lactose undergoes conversion to the crystalline hydrate form, the water added becomes incorporated into the crystal lattice, becoming "water of crystallization" with a much lower degree of mobility. Even though the amount of total water (free or physisorbed + crystallographic) remained constant, ε and ε of the material decreased with time because crystallographic water is not as easily rotated in an electromagnetic field as either physisorbed or free water. Crystallographic water has a much less effect on bulk dielectric properties than physisorbed or free water. 14 Although the samples used to generate the curves in Figure 6 have almost the same total MC, results of Raman analysis (vide infra) confirm that they have different amounts of physisorbed and "free" water; therefore, the ε values are lowered over time as the lactose converts to the monohydrate form, decreasing the amount of more mobile water. The slopes of the curves in Figure 6 are also related to the degree of hydration. As more and more physisorbed and "free" water is being converted to crystallographic water, the slopes must decrease. Figure 7 shows the relationship between ε and ε − 1 at different MCs. These samples with different MCs were measured at the same conversion time (in Fig. 7 , the conversion time is about 110-111 h). The ε and ε − 1 curve for lactose of MC = 0.65% is the anhydrous lactose removed from the drum. Note that this graph is different from Figure 6 because Figure  6 shows the curves for "different conversion times" at the same total MC In Figure 7 , each point represents one bulk density value, and the slope of the ε versus ε − 1 curve increases with an increase in the MC. An empirical calibration to the MC is possible, although additional data would be required because the calibration would likely be nonlinear.
The fits of linear regress analysis to the data displayed in Figure 7 and the bulk density range for each curve are shown in Table 2 .
In Figure 7 , the dielectric properties of "-lactose monohydrate are compared with those of the dried anhydrous lactose. The original "-lactose monohydrate taken out from the drum without being heated or wetted contains about MC = 5.25%. Of significance is that, the ε versus ε − 1 curve for "-lactose monohydrate overlaps, within the experimental error, with the ε and ε − 1 curve for MC = 0.09% anhydrous lactose. This was unexpected because these two products have different crystalline structures. Figure 8 shows dielectric properties data for anhydrous lactose powders with 0.65% MC, 1.99% MC at a conversion time of 184 h, 2.10% MC at a conversion time of 111 h, and 2.51% MC at conversion times of 110 and 184 h. The ε and ε − 1 curve for the "-lactose monohydrate without being heated or wetted was included again. The linear model parameter estimates are given in Table 3 for the data in Figure 8 . The ε and ε − 1 curve for the 2.51% MC sample at a conversion time of 184 h was lower than the ε and ε − 1 curve for the 2.10% MC sample at a conversion time of 111 h, and more unexpectedly, the ε and ε − 1 curve for the 1.99% MC curve at a conversion time of 184 h was lower than the anhydrous lactose taken out from the drum, prior to moisture addition. Thus, the physisorbed and "free" water is depleted as anhydrous lactose is converted to "-lactose monohydrate. The percentage of the "-lactose monohydrate in the samples at different conversion times was further confirmed using Raman spectroscopy, which will be discussed subsequently.
Although the anhydrous lactose is converted to "-monohydrate lactose in the presence of the moisture, wetted "-monohydrate lactose powder did not form any higher crystal hydrates as expected. The relation between ε and ε − 1 measured at different times after adding water to the "-lactose monohydrate powders (which contain average MCs of 6.04% and 6.70%) are shown in Figure 9 . Figure 9 shows an overlap of the curves for powders at the same moisture level but different conversion times, which means that unlike the physisorbed and "free" water in the anhydrous lactose powder, this physisorbed and "free" water does change the crystal structure of "-lactose monohydrate. The slopes of the ε and ε − 1 curve for the pure "-monohydrate lactose (MC = 5.25%, Fig. 8 and Table 3 ) and the wetted "-monohydrate lactose (MC = 6.70 ± 0.15%, Fig. 9 ) are 0.05 and 0.10, respectively. Thus, the resonator sensor detected the addition of free water to the powder. The MCs of samples from different locations inside this "-lactose monohydrate powders with average MCs of 6.04% and 6.70% are also given in Tables 4  and 5 . The "-lactose monohydrate contains 5.25% of crystallographic water prior to additional water addition. The Raman spectra of wetted "-lactose monohydrate powders for conversion times up to 190.3 h showed only "-lactose monohydrate existing in the sample.
Lactose Crystal Form Analysis Using Raman Spectroscopy
The Raman spectra of anhydrous lactose and "-lactose monohydrate are shown in Figure 10 . Peaks at Raman shifts of 414 cm −1 and 398 cm −1 were selected for quantitative determination of anhydrous and "-monohydrate, respectively, due to minimal spectral interference at these wavenumber shifts. A calibration curve was constructed by plotting this peak ratio against the experimental molar ratio of anhydrous lactose/"-lactose monohydrate. The resultant calibration curve, shown in Figure 11 , was then used to quantify the amount of "-lactose monohydrate formed from the wetted anhydrous lactose.
On the basis of the calibration curve above, the percentage of "-lactose monohydrate in the wetted anhydrous lactose samples was determined and results are shown in Figure 12 . The conversion time and the average MC are also displayed.
In Figure 12 , the conversion time is represented on the horizontal axis in days instead of hours for convenience. The percentage of conversion to "-lactose monohydrate increased with time and the amount of water added to the initial anhydrous lactose powder. The comparison in Raman spectra between the 111-and 184-h samples is shown in Figure 13 . The 111-h curve has been normalized such that its intensity at a wavenumber shift of 414 cm −1 is the same as the 184-h curve at the same wavenumber shift. This normalization allows for comparison of the "-lactose monohydrate peak intensity of the 111-and 184-h samples at a wavenumber shift of 398 cm −1 . The 184-h curve has a more intense peak at 398 cm −1 ; therefore, the percentage of the "-lactose monohydrate is higher, confirming the formation of the hydrate form over time in the wetted anhydrous lactose sample.
Effect of Moisture on the Dielectric Properties of MCC
Microcrystalline cellulose does not form hydrates when the powder is wetted; however, due to the presence of disordered regions, added moisture can be physically absorbed into the bulk of MCC as well as being adsorbed at the surface. After addition of water to the MCC powder, samples were taken from nine different locations in the powder. The MCs in the samples are reported in Table 6 and were measured by the LOD method on small portions of the samples. The average MC of the MCC powder is about 5.84%. The dielectric properties of wetted anhydrous lactose with an MC of 2.50% were compared with the 5.84% MC MCC powder in both Figures 14 and 15 . The dielectric properties of wetted MCC powders were taken at various times after water was added to the powder. These figures also show a comparison of the temporal effect of moisture on the dielectric properties of the MCC and anhydrous lactose powders. The figures reveal a lesser temporal effect of the moisture on the dielectric properties of the MCC powder in comparison with the anhydrous lactose powder. Figure 16 is a plot of ε versus ε − 1 that is measured at different times after addition of water to MCC powder. The curves are very close to each other indicating that the physisorbed water in MCC is easily detected by the resonator sensor and is thus highly mobile, unlike the crystallographic water in lactose monohydrate. The MC results of Figure 16 are given in Table 6 .
The relationship between ε and ε − 1 for MCC of different MCs is also plotted in Figure 17 . MCC has about 4.65% MC as received from the manufacturer. Although the dashed lines represent different bulk densities at constant MC, the solid lines are the fitting curves of the data points from different moisture levels having the same bulk densities. Note that the dielectric properties increase with increasing density and MC. By using the interpolation from this plot of ε and ε − 1 curves, bulk densities and MC of unknown samples can be obtained. The linear model parameter estimates and the range of the bulk densities for each curve are given in Table 7 for the data in Figure 17 .
DISCUSSION
The dielectric properties of MCC and the anhydrous lactose exhibit different behaviors after the addition of water to the powders; for the former system, water is absorbed into disordered regions, whereas in the latter system, addition of water results changes to the crystal structures. For both powders, the MC should be monitored carefully and controlled during storage before they are tabletted. For example, the compaction properties of MCC are known to be highly dependent on the MC. MCC is a powder which absorbs water into its disordered regions in addition to surface adsorption. The absorbed moisture acts as a plasticizer, changing its compaction behavior. An increase in the MC will lower the yield strength of the MCC and make it more deformable. 20 It has also been suggested that the rapid moisture sorption by MCC can be used to protect other excipients from moisture uptake. 21 Anhydrous lactose powders do not absorb water as fast as MCC powders; however, anhydrous lactose is converted to the "-lactose monohydrate Figure 13 . Raman spectra of the 2.51%, 111-h sample and 2.51%, 184-h sample. form in the presence of moisture, which in turn affects the compressibility of the powder and the strength of the downstream product. 18, 22 The conversion of anhydrous lactose to "-lactose monohydrate with the consumption of the physisorbed and "free" water makes control of the uniformity of the physical properties of entire bulk sample difficult due to the variations in the relative amounts of anhydrous lactose and "-lactose monohydrate.
The conversion of wetted anhydrous lactose powder to "-lactose monohydrate resulted in a downward shift in the ε versus ε − 1 curve over time. This showed the expected higher sensitivity of the microwave-based sensor to physisorbed and "free" water in the powder where the physisorbed and "free" water was depleted as the "-lactose monohydrate was formed. The data showed a convergence of the ε versus ε − 1 curves for the wetted anhydrous lactose powders as the conversion time increases to 184 h, thus showing a depletion of the physisorbed and "free" water as it interacted with the anhydrous lactose powder to form the "-lactose monohydrate. There was not a temporal downward shift in the ε versus ε − 1 curve for the wetted MCC powder because MCC absorbed the added moisture immediately and did not undergo any discernable structural change with time. Thus, the physical state of water in the sample did not change over time in wetted MCC. Raman spectroscopy was used to monitor the formation of "-lactose monohydrate. The spectroscopic results in Figure 12 were used to estimate the amount of water that is still in physisorbed or free state in the wetted anhydrous lactose as the anhydrous lactose was converted to "-lactose monohydrate. Estimates of the percent conversion of anhydrous lactose to "-lactose monohydrate are summarized in Table 8 . The temporal amount of the physisorbed and "free" water in the wetted powder with an initial MC = 2.50% was calculated by subtracting the amount of water required to convert anhydrous lactose to "-lactose monohydrate from the amount of water initially added to the powder. It should be noted that the MC of 2.5% represents the water added to the powder plus the amount of water (0.65%) already in the purchased powder. The estimated physisorbed and "free" water contents with the errors for the wetted anhydrous lactose powder after 2, 4, and 8 days are given in Table 9 . The percentage of "-lactose monohydrate inside the anhydrous lactose before the addition of water was negligible (also confirmed from the Raman spectra). The physisorbed and "free" water content in the wetted lactose sample decreases with time, which is in qualitative agreement with the downward shift in the ε versus ε − 1 curve for the wetted anhydrous lactose samples.
Combining Figure 6 and Table 9 , we can see that the difference in noncrystallographically bound water (i.e., "free" water or physisorbed water) between the top and bottom curve in Figure 6 is about 0.43 ± 0.2% MC, demonstrating exceptional sensitivity to free water with the microwave sensor. This is because a small amount of free water can have a profound effect on ε and ε . The same amount of the crystallographic water will have a much lower effect. Stated another way, microwave sensing will be less sensitive to water incorporated into the crystal lattice as compared with free or physisorbed water as is shown in Figure 6 . The ε versus ε − 1 curves for the wetted "-lactose monohydrate powders did not show a downward shift, which indicates no temporal change in the physisorbed and "free" water content in the powder, which is similar to the interaction between MCC and the moisture. The MCC and "-lactose monohydrate powders do not show changes in the chemical structure due to hydration after being wetted; therefore, the microwave-based sensor measurement can be used for measuring the physisorbed and/or "free" water content of these two powders. The difference in the dielectric response between the bound water and the physisorbed and free water was also described in previous studies 12, 23 that below the critical MC where we deal primarily with bound water, the change in the dielectric loss with the increasing moisture will be relatively small. In our research, using the linear model parameter estimated from the MCC data shown in Figure 17 , the relation between MC and the ratio, ε / ε − 1 (or slopes of the ε versus ε − 1) instead of ε , was obtained as shown in Figure 18 . The MC increases linearly with ε /ε − 1 and relation is independent of the bulk density of the powder for MCC. The anhydrous lactose and "-lactose monohydrate were not discussed here due to the existence of the bound water after being wetted. Previous studies also tried to relate a density-independent function of ε and ε to the MC for starch 12 ; however, their results seemed to be linear only within a certain range of the MC, and the effect of the water at different states in the powder on the dielectric properties was not addressed clearly. Figure 17 in this paper shows that ε /ε − 1 is a proper choice of this "density-independent function" for MCC in which the water stays most likely as free or physisorbed water, and as shown in Figure 18 , ε /ε − 1 indeed shows a linear relation versus the MC, which provides a simple tool for the MC estimate for MCC samples where the MC is unknown. A future manuscript will provide a more thorough analysis on the use of graphs of the ε versus ε − 1 curve for the simultaneous measurement of the bulk density and MC of pharmaceutical powders.
CONCLUSION
A reduction of the physisorbed and "free" water content in wetted anhydrous lactose was observed using a microwave resonator sensor. Subsequently, Raman spectroscopy measurements showed the temporal conversion of anhydrous lactose to "-lactose monohydrate powders in the wetted anhydrous lactose powder. Graphs of ε versus ε − 1 curve were constructed at a particular conversion time for wetted anhydrous lactose. Such graphs were also constructed for wetted MCC powder, which was time invariant. The graphs of ε versus ε − 1 curve show the effect of both the MC and bulk density on the complex dielectric properties of the powders. Although each ε versus ε − 1 curve was generated at constant MC, the bulk density of the powder was increased to generate each curve. This research is important in the development of inline techniques for the simultaneous measurement of MC and bulk density of pharmaceutical powders.
